ABSTRACT Single channel and whole cell recordings were used to study ion permeation through Ca channels in isolated ventricular heart cells of guinea pigs . We evaluated the permeability to various divalent and monovalent cations in two ways, by measuring either unitary current amplitude or reversal potential (E,e,,). According to whole cell measurements of E,,,,, the relative permeability sequence is Ca" > Sr" > Ba 2+ for divalent ions ; Mg`is not measurably permeant . Monovalent ions follow the sequence Li' > Na' > K' > Cs', and are much less permeant than the divalents . These whole cell measurements were supported by single channel recordings, which showed clear outward Thus, ions with a higher permeability, judged by Ere, have lower ion transfer rates . In another comparison, whole cell Na currents through Ca channels are halved by <2 uM [Ca] o , but >10 mM [Ca]. is required to produce half-maximal unitary Ca current . All of these observations seem consistent with a recent hypothesis for the mechanism of Ca channel permeation, which proposes that : (a) ions pass through the pore in single file, interacting with multiple binding sites along the way ; (b) selectivity is largely determined by ion affinity to the binding sites rather than by exclusion by a selectivity filter ; (c) occupancy by only one Ca ion is sufficient to block the pore's high conductance for monovalent ions like Na' ; (d) rapid permeation by Ca ions depends upon double occupancy, which only becomes significant at millimolar [Ca], because of electrostatic repulsion or some other interaction between ions ; and (e) once double occupancy Address reprint requests to Dr.
INTRODUCTION
Ca channels are highly selective (Reuter and Scholz, 1977; Lee and Tsien, 1984 ), yet capable of rapid rates of ion transfer (e .g., Lux and Nagy, 1981 ; Fenwick et al., 1982 ; Reuter et al., 1982 ; Brown et al., 1982; Cavalie et al., 1983) . These properties help Ca channels to support a large influx of Ca 2+ upon membrane depolarization and to trigger cellular functions such as contraction or secretion. The mechanism of ion permeation through Ca channels has attracted considerable interest over the past few years.
There is general agreement that the binding of Ca
2+
to a site in the channel is an important step in its permeation (e.g., Hagiwara and Takahashi, 1967 ; Vereecke and Carmeliet, 1971 ; Hagiwara et al., 1974; Nachshen and Blaustein, 1982) . However, estimates of the dissociation constant (Kd) of the site for Ca 2+ differ by three or four orders of magnitude. On the one hand, monovalent ion flux through the Ca channel is reduced with micromolar external Ca ([Ca] .), which suggests a very low value of Kd (Kostyuk et al., 1983; Fukushima and Hagiwara, 1985) ; on the other hand, the dependence of the peak Ca current amplitude on [Ca] . points to Kd values in the millimolar range (Hagiwara, 1975; Akaike et al., 1978 ; Ashcroft and Stanfield, 1982 ; Cota and Stefani, 1984; . This discrepancy and observations of ion-ion interactions in the channel have led to the hypothesis that the Ca channel is a multi-site, single-file pore with at least two high-affinity Ca-binding sites and repulsive interactions between ions in the doubly occupied state Tsien, 1983, 1984; . This hypothesis owes much to previous thinking about ion permeation in gramicidin channels (e .g., Urban et al., 1980) and K channels (e.g., Hille and Schwarz, 1978) .
Previous experimental work on Ca channel permeation has been carried out largely at the level of macroscopic currents. Relatively little information has been obtained with single channel current recordings in intact cells, even though they offer the possibility of determining absolute values for ion transfer rates, independently of variations in channel gating . Attempts at analysis of open Ca channel properties at the single channel level have been hampered by the brevity of opening events, rapid rundown of large conductance Ca channel activity in excised patches, and uncertainty about the cell resting potential in cell-attached patches.
Here we describe simple procedures to overcome these problems. Working with cell-attached patch recordings from freshly dissociated ventricular heart cells, we were able to measure unitary current amplitude while imposing relatively wide variations in membrane potential, ion species, and ion concentration, and to demonstrate reversal of current flow through single Ca channels . Results from single channel recordings were complemented by a systematic study of Ca channel selectivity for various divalent and monovalent ions, as determined by measurements of reversal potentials in whole cell recordings .
Preliminary reports of parts of this work have appeared in abstract form Tsien et al., 1983) . Single ventricular . heart cells were obtained from adult guinea pig hearts by enzymatic dissociation with collagenase and hyaluronidase (see Lee and Tsien, 1984 , and references therein) . Whole cell recordings of Ca channel current were obtained with the suction pipette method for voltage clamp and internal dialysis as originally described by Lee et al . (1979 Lee et al . ( , 1980 , with some minor modifications Tsien, 1982, 1984) . After firepolishing, pipette tips had diameters of 5-10 um and resistances of 0.7-1 .2 MSl when filled with the internal solutions described below. In voltage-clamp experiments,^-70% of the pipette resistance was offset electronically by series resistance compensation .
The following solutions were used in the suction pipette recordings . Bath solutions contained 10 MM XC12 , 2.8 mM MgC12 (except for the 10 mM Mg solution), 85 mM Yaspartate, 146 mM sucrose, 5 mM glucose, 5 mM HEPES-TEA-OH (pH 7 .4), where X = Ca, Sr, or Ba and Y= Cs, K, Na, or Li . The pipette solution (internal solution) contained 75.5 mM Y-aspartate, 75.5 mM Y-phosphate, 10 mM Y-EGTA, 6 mM HEPES-TEA-OH (pH 7.4). For the internal solution containing K, 10 mM TEA-Cl was added to inhibit current flow through K channels .
As a standard procedure before sucking up each cell, offset potentials in the voltage recording system were adjusted to give zero current between the pipette solution and the bathing solution (Lee and Tsien, 1984) . For quantitative comparisons with other studies, all potential values should be corrected for the liquid junction potential between the pipette solution and the bath solution ; measured values for the junction potential for all appropriate solution pairs were within 0.5 mV of +7 mV . As in earlier work from this laboratory (Lee and Tsien, 1984) , this junction potential correction was not applied ; the main focus here is on the rank order ofreversal potentials, which were unaffected .
Recordings of Single Ca Channel Activity
Unitary Ca channel activity was recorded from cell-attached patches with procedures described by Hamill et al . (1981) . Patch pipettes were pulled in two steps from Boralex hematocrit micropipettes (Rochester Scientific Co., Rochester NY), coated with Sylgard (Dow Corning, Midland, MI), and fire-polished . We used pipettes with tip diameters of 1-2 um and resistances of 1 .5-3 MSl with 110 mM BaC12 in the pipette and isotonic Kaspartate in the bath . Current signals were recorded with a patch-clamp amplifier with a 10-GQ feedback resistor in the headstage, built by V . Pantani and associates at Yale University . The signals were filtered with an eight-pole Bessel filter (-3 dB at 1 kHz), digitized at 5 kHz, and stored on a PDP 11-23 laboratory computer for later analysis. Capacitative transients were cancelled at various stages . At the time of recording, we used analog capacity compensation with three time constants. For further subtraction of capacity and leak currents at the time of analysis, current records lacking channel openings were averaged and subtracted from those records with channel activity .
Patch-clamp recordings were carried out with a bathing solution containing 140 mM K-aspartate, 10 mM K-EGTA, 10 mM HEPES-KOH (pH 7 .5) . Patch pipette solutions contained 10-110 mM BaCl 2 , CaCl2 , or SrCl 2, 5 mM HEPES-TEA-OH (pH 7.5). In those solutions containing <110 mM divalent ion, TEA-Cl or sucrose was included to keep osmolarity constant .
Strategies for Accurate Determination of Unitary Current and Membrane Potential
Most of the single channel recordings were obtained in the presence of Bay K 8644 (obtained through the courtesy of Dr. A. Scriabine, Miles Institute of Preclinical Phar-29 6 THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 88 -1986 macology, New Haven, CT) . This dihydropyridine Ca channel agonist greatly increases the proportion of sweeps that show long-lasting openings (Kokubun and Reuter, 1984; Ochi et al ., 1984; and thereby facilitates accurate measurements of small unitary current . Fig . I shows the Bay K 8644 response in a patch containing at least three Ca channels. The first three sweeps of Fig . 1 , channel openings are relatively brief (^" I ms) relative to the bandwidth limitations of the recording system, and accurate measurements of the open channel current amplitude are difficult . Every so often, however, the patch displays a very different pattern of Ca channel activity, characterized by very long channel openings ("mode 2"), as in the cluster of four consecutive sweeps in Fig . 1 A. The long-lasting openings make it easy to measure unitary current amplitude, but they occur relatively rarely in control runs . For example, the four clustered sweeps in Fig . 1 A were the only sweeps out of a total of 496 that contained mode 2 activity in the absence of drug. The proportion of sweeps with long-lasting openings was greatly increased by the addition of 5 jM Bay K 8644 to the bathing solution (Fig. 1 B) , and the average current was accordingly enhanced . In the presence of the Ca agonist, even a few sweeps gave enough long-lasting openings to allow accurate resolution of the open channel current . This made it practical to study unitary current amplitudes over a wide range of membrane potentials and permeant ion concentrations, even with unitary currents as small as 0 .3 pA. Fig. 2 presents evidence that information obtained from long-lasting openings in the presence of Bay K 8644 is generally representative of the properties of the open Ca channel . Panel A compares unitary current pulses in mode 1 and mode 2 sweeps in the absence of Bay K 8644 (from the same experiment as in Fig. 1 A) . While some of the short openings in mode 1 are not fully resolved, the same estimate of the unitary current amplitude (dotted lines) seems appropriate for both types of activity. Fig. 2B tests the possibility that the unitary current amplitude might be altered by Bay K 8644. Amplitude histograms of the mode 2 sweeps in the absence of drug (above) and in the presence of the Ca agonist (below) gave indistinguishable estimates of the unitary amplitude . The results in Fig . 2 , A and B, fit nicely with our earlier findings that Bay K 8644 does not change the reversal potential of whole cell Ca channel currents . Like Ochi et al . (1984) , we conclude that the Ca agonist does not influence the permeation mechanism. A somewhat different view was expressed by Kokubun and Reuter (1984) , who reported that Ca agonists increased unitary current in neonatal rat heart cells by 4-20%. They also pointed out, however, that they could not exclude the possibility that this effect was due to a small change in membrane potential .
To eliminate uncertainties about the level of the cell membrane potential and to avoid spontaneous voltage fluctuations, all our recordings were obtained from cells bathed in a Ca-free solution containing 140 mM K-aspartate and 10 mM K-EGTA. This solution produced no visually detectable signs of cell deterioration even after incubation for >1 h . Fig . 2 C presents evidence that this procedure was effective in zeroing the cell membrane potential . Single channel activity was recorded with 20 mM Ba in the pipette . The trace was obtained in the cell-attached mode with the isotonic K-aspartate solution bathing the cell : the elementary current was 1 .07 pA . The lower trace in Fig . 2 C was obtained with the same intrapipette potential (0 mV), immediately after excision of the patch . Despite the elimination of the cell from the recording configuration, the unitary current amplitude (i) remained unchanged, as expected if the cell membrane potential before excision had indeed been zeroed by the isotonic K solution .
Identification of L-Type Ca Channel Activity
Guinea pig ventricular cells show two distinct types of Ca channel, L-type and T-type (Nilius et al., 1985) , that give rise to slowly and rapidly decaying components of whole cell Ca current in a variety of atrial and ventricular cells (Bean, 1985) . Like earlier studies (e .g., Reuter et al ., 1982 ; Cavalie et al ., 1983 ; , this article focuses exclusively on ion permeation through L-type Ca channels . The less common T-type Ca channels can readily be distinguished by their rapid inactivation and their relatively tiny conductance with 110 mM BaC12 as the charge carrier (^-8 pS) . Additional properties of T-type channel activity (Nilius et al ., 1985; Nowycky et al ., 1985) allowed it to be excluded from the analysis presented here . (a) T-type Ca channels are fully inactivated at holding potentials less negative than -50 mV. Such is the case for the whole-cell recordings 298 THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 88 -1986 reported in this article . (b) Openings of T-type Ca channels appear to be bunched near the beginning of test pulses because of inactivation, not spread out throughout the depolarization as in the records in this article . (c) T-type Ca channels are unresponsive to 5 1AM Bay K 8644.
RESULTS

Determination of Ca Channel Reversal Potential
Measurements of the reversal potential (Ere,.) for Ca channel current provide a basic approach to evaluating the relative permeability of the channel to various ions. Ere determinations made with suction pipette recordings are particularly reliable because this method allows Ca channel currents to be isolated while the electrical potential and ionic composition on both sides of the membrane are under experimental control. Such measurements have indicated that cardiac Ca channels select strongly for divalent ions over monovalents, with Goldman permeability ratios for Pca/Pcs or PC ,/PK of >1,000 Tsien, 1982, 1984) .
Here we describe Ca channel currents carried by a wide range of divalent and monovalent ions and use reversal potential measurements to rank their relative permeability . Fig. 3 shows a representative experiment where the whole cell Ca channel current was dissected by means of the organic Ca channel blocker D600. The approach is similar to that used by Tsien (1982, 1984) , but the ionic species are different. In the present case, Bat+ is the external charge carrier and K+ is the internal charge carrier; we focus on these ions to facilitate comparisons between whole cell recordings and single channel I-V relations that will be presented later in the article (Fig. 8) . Fig. 3 A shows superimposed records of total membrane current, elicited by depolarizing pulses to test potentials ranging from -10 to +110 mV from a holding potential of -40 mV. At this relatively depolarized holding potential, Na channels and T-type Ca channels are fully inactivated, so L-type Ca channel currents are recorded without contamination. The addition of 10 AM D600 (Fig. 3B ) eliminates net inward currents at weak depolarizations but also reduces outward currents at strong depolarizations. The current that remains after D600 is essentially linear and time independent and . The upper trace shows the patch potential ( -VP;P, where VP;P is the potential applied to the inside of the pipette). The middle trace shows a cell-attached patch recording. During the clamp pulse, the pipette potential was 0 mV and the transmembrane potential in the patch equals the cell resting potential. The lower trace was recorded at the same pipette potential (0 mV), 10 s after manual patch excision . The unitary amplitude was 1 .07 pA both before and after excision (solid horizontal lines), which indicates that in both cases the transmembrane potential in the patch was identical. This implies that the cell resting potential before the excision was essentially zero. Cell 26K .
is presumably leakage current . Subtraction of the records in panel B from those in panel A gives the D600-sensitive current traces shown in Fig . 3 C. The records show a well-defined reversal of Ca channel current at Ere = +50 mV, where the D600-sensitive current is zero throughout the pulse. When measurements of the peak currents in Fig . 3 C are plotted as a current-voltage relationship (Fig. 3 D) , it is evident that outward currents and inward currents increase in a nonlinear A C D600-sensitive current fashion with the electrical driving force on either side of Ere (see also Fenwick et al ., 1982 ; Tsien, 1982, 1984) .
Ca Channel Selectivity for Various Divalent and Monovalent Ions
To characterize the relative permeability of Ca channels to various divalent and monovalent cations, we carried out recordings of Ca channel current under a wide range of ionic conditions (Fig . 4) . In the upper row, the extracellular solution contained 10 mM Ca 2+ , Sr2+ , Bat+ , or Mgt+ . The extracellular and intracellular solutions contained 85 mM and 171 mM Cs', respectively . Cs+ was chosen in preference to other monovalents as the main cation in order to minimize interference from K channel currents . In the families ofcurrent records Sr2+, Ba t+ , and Mgt+, respectively; internal Cs (151 or 171 mM) throughout. Bottom row: internal Li+ , Na+ , K+ , and Cs' (151 or 171 mM), respectively; external Bat+ (10 mM) throughout . Whole cell recordings were obtained with large suction pipettes according to the method of Lee et al . (1979) except for the lower left panel, which was obtained from a relatively small cell with a smaller gigaseal pipette (Hamill et A ., 1981) . The current calibration bar represents 4 pA for all panels in the top row, and 1, 6, 6, and 6 pA for the panels in the bottom row. The holding potential was -40 mV in all cases. Families of current records were obtained with test potentials spaced 10 mV apart. Test potentials spanned the following voltage ranges (mV): top row (left to right) : 0-140, 10-130, 0-140, -30-120 ; bottom row (left to right) : 10-80, 10-90, 10-140, 10-140. As in Fig. 3 , all panels show current signals after subtraction of leak and capacity currents . These were determined by exposing cells to D600 (D) or verapamil (V), or by extrapolation from current signals recorded with hyperpolarizing pulses (L) . Cell numbers and the method of determination of leak and capacity currents were as follows : top row (left to right) :
illustrated here, the reversal potential ofthe D600-or verapamil-sensitive current is most positive with extracellular Ca" and progressively less positive with Sr" and Bat+ . The reversal potential was not defined with Mg" as the external divalent cation because no inward currents were ever detected with 10 mM 30 2 THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 88 -1986 [Mg]. (Fig. 4, upper right) or even with 110 mM [Mg] . (records not shown) . At positive potentials, the outward currents carried by Cs' were larger in the presence of external Mg 2+ than with any of the other divalent cations. The lower panels in Fig. 4 illustrate how Ere, varies with the species of monovalent charge carrier. The internal solution contained Li+, Na', K+, or Cs+ at concentrations of 151 or 171 mM; the same ion was also present in the external solution at 85 mM. The main charge carrier in the external solution was 10 mM Bat+; Bat+ was chosen since it is known to be much less effective than Ca 2+ or Sr 2+ as an activator of Ca-dependent K channels . All of the monovalent cations supported outward current through the Ca channel, but values for Ere ,. varied considerably, ranging from +35 mV with Li+ to +60 mV for Cs +, with intermediate values for Na+ and K+.
The reversal potential measurements in Fig. 4 are representative of collected data from a total of 32 cells, as illustrated in Fig. 5 (Fukushima and Hagiwara, 1985) . Similar sequences have been reported for the ability of various current carriers to resist Co block in barnacle muscle (Hagiwara et al., 1974) and Cd block in snail neurons (Byerly et al., 1985) , and for the ability of various ions to block Na currents through Ca channels in snail neurons (Kostyuk et al ., 1983) and skeletal muscle . Matsuda (1986) showed that Mg was^-10-fold less effective than Ca in blocking cardiac Ca channel current. The sequence is one of the Eisenman sequences based on coulombic theory (see Eisenman and Horn, 1983) .
According to the Ere data shown in Fig. 5B , the relative permeability for monovalent cations follows the sequence Li+ > Na' > K+ > Cs'. These results are in good agreement with Ere measurements in mouse neoplastic B lymphocytes by Fukushima and Hagiwara (1985) , who studied Rb but not Li . They differ somewhat from data of Kostyuk et al. (1983) , who found Na > Li in snail neurons.
As Fig. 5B illustrates, the relative selectivity of L-type cardiac Ca channels decreases with increasing ionic diameter of group la cations. As in the case of the Na channel (Chandler and Meves, 1965; Hille, 1972) , the selectivity sequence for these cations obeys Eisenman sequence X1, as might be expected for a highfield-strength, high-pK. site such as a carboxyl group. The selectivity sequence is diametrically opposite to that of the acetylcholine (ACh) receptor channel (Adams et al., 1980 ; Lewis and Stevens, 1983) , which follows the order of ionic mobility in free solution . The comparison is interesting because relatively large organic cations permeate skeletal and cardiac Ca channels in the absence of Ca (McCleskey and Almers, 1985; , which suggests that Ca channels behave in other respects as large, water-filled pores, very much like ACh receptor channels . different values of Ere,,. A more direct demonstration of Ca channel selectivity for monovalent ions relies on measurements of Ere in the absence of permeant divalent cations, with monovalent ions as external as well as internal charge carriers . Fig. 6A shows whole cell currents carried by external Na' and internal Cs' in the absence of external Ca" (2 mM EGTA). To record Ca channel current with little or no contamination by other channels, Na channels were inactivated by a holding potential of -40 mV, and blocked by including tetrodotoxin in the 
Monovalent
zZ external solution ; K channel currents were minimized by the use of Cs' as the charge carrier in the internal solution . As expected for Ca channel current, the remaining current was sensitive to D600 (not shown) ; the time course of the leak-subtracted current in Fig. 6 appears very similar to the Ca channel current carried by external Ba t+ in Fig. 3 . As Fig. 6A illustrates, the monovalent Ca channel current is inward at negative potentials (where inward Na flux outweighs the outward Cs flux), reverses between +30 and +40 mV, and is outwardly directed at more positive potentials . Reversal potential determinations with 150 mM external Na' and 151 mM internal Cs' in a total of eight cells gave E, e ,, = 40 .8 ± 1 .5 mV . The positive value of Ere provides additional evidence that the Ca channel selects for Na'
over Cs', in agreement with experiments where monovalent efflux is pitted against Ba t+ influx (Fig . 5B ). outward currents without changing the reversal potential or the current kinetics. There was no clear voltage dependence of the block over the voltage range studied here (+10 to +70 mV); however, voltage dependence was seen at more negative potentials (Lansman et al., 1986) .
Block of Monovalent Currents through the Ca Channel by External
The high sensitivity of monovalent currents to block by external Ca' was a consistent finding. The degree of inhibition illustrated in Fig. 6B was representative of other experiments: in three cells studied at a test potential of +10 mV, 1 .3 AM Cao reduced the inward current carried by Na' to 33 ± 4% (mean ± SEM). These results support the hypothesis that the Ca channel contains a binding site with a dissociation constant of the order of 1 AM (see Introduction). The extreme sensitivity of monovalent currents to external Ca stands in contrast to other expressions of ion-channel interaction described in the section that follows.
Dependence of Elementary Current on Permeant Ion Concentration
One fundamental way to study ion-channel interactions involves measurements of ionic current as a function of the permeant ion concentration . This approach often gives information about the binding of ions to saturable sites within the pore . Taking advantage of improved methods for resolving small elementary currents at well-defined potentials, we measured unitary current amplitude, i, over a wide range of permeant ion concentrations . The direct measurement of i minimizes the need for corrections for changing surface charge, since (a) channel gating does not interfere with the measurement and (b) the permeation pathway in muscle Ca channels appears to be insulated from the surface charge of the phospholipid membrane (Coronado and Affolter, 1986) . Fig. 7 A shows examples of elementary currents recorded at 0 mV with different concentrations of Ca.
2+
or Bat+ in the recording pipette. Using the Ca agonist Bay K 8644 to promote long-lasting openings, we were able to work at levels of Ca Fig. 10D ) . (c) Unitary Ca and Ba currents both display a tendency to saturate with increasing permeant ion activity . Fitted saturation curves give concentration values for the apparent dissociation constant (Kd) of -14 mM for Cat+ and^"28 mM for Bat+ . These values are similar to those found with macroscopic current recordings (e.g., Hagiwara, 1975; Akaike et al., 1978 ; Ashcroft and Stanfield, 1982 ; Kostyuk et al., 1983; Cota and Stefani, 1984) . The estimates of Kd are at least 10'-fold greater than the apparent dissociation constant seen with Ca block of monovalent currents.
Open Channel Current-Voltage Relations Measured with Voltage Ramps
Outward currents through cardiac Ca channels have been recorded in multicellular preparations (Reuter and Scholz, 1977 ; Kass and Sanguinetti, 1984) , in single cardiac cells (e.g., Lee and Tsien, 1982 ;  Figs . 3 and 4 of this article), and in single Ca channels incorporated in planar bilayers (Rosenberg et al., 1986 ; see also Nelson et al., 1984 ; Affolter and Coronado, 1985; Ehrlich et al., 1986) . We The method uses ramp voltage-clamp commands (cf. Yellen, 1982) , as illustrated in Fig. 8 . The recordings were made with the cell-attached patch-clamp configuration and the usual procedures for zeroing the membrane potential and increasing the proportion of long-lasting channel openings. Every 4 s, the voltage command input received a ramp waveform that started from a variable potential above the holding potential and descended at a rate of 2.5 mV/ms for 100 ms (Fig. 8A) . From the resulting current records, we selected traces that contained no detectable channel activity, and averaged them to reduce the noise. An example of the averaged null record appears as the smoother trace in Fig . 8B . Superimposed on this null record is an example of a current record where Ca channel activity is clearly detectable . Panel C illustrates the difference currents that result when the averaged null record is subtracted away from individual records . The second and fifth sweeps are examples of traces where no openings were detected. The flatness of the current records is an indication of the effectiveness of the leak subtraction procedure . The first, third, and fourth records show Ca channel openings early in the pulse and both outward and inward currents . In the sixth record, channel opening was relatively delayed and only inward current was seen.
Do the outward and inward currents arise from activity of the same kind of channel? One way of answering this question is to see whether outward currents and inward currents appear in a correlated way, as would be expected if they depend upon the availability of the same channel . This prediction was tested in the experiment illustrated in Fig . 8 by scoring for outward and inward currents on a sweep-by-sweep basis . In the vast majority of the sweeps, clearly detectable outward and inward currents occurred in the same sweep or not at all ; according to chi-square analysis, the correlation was significant at the P < 0 .005 level . This correlation would not be expected if the outward and inward currents arose from independently gated channels in the same patch .
Open channel current-voltage (I-V) relations were constructed from individual activity . One test of the validity of the procedure is the excellent agreement between the values of i measured with the ramp protocol and those measured directly from elementary current pulses during normal step depolarizations in the same patch (Fig . 8 E) . As Fig. 8D illustrates, this method can give open channel I-V relations over a wide voltage range ; it is indeed possible to record outward current and reversal potentials at the single channel level. The result shown in Fig. 8 increases from 12 pS in 10 mM to 25 pS in 110 mM. The zero-current potential shifts from about +55 mV in 10 mM Ba2+ to about +90 mV in 110 mM Ba2+ .
Open channel I-V relations obtained with 50 mM Ba2+,Sr2+, or Cat+ are compared in Fig. 10 . The most striking difference between these three I-V's is the slope conductance of the nearly linear region at negative potentials. While the conductance for Ba2+ is^-25 pS, that for Ca 2+ is only^-8 pS, which is very similar to that for Sr2+. The examples given for Ca 2+ and Sr 2+ are representative of a total of three and four patches with each ion, respectively . The mean values of the conductance below 0 mV were 7 .3 pS for 50 mM Ca2+ and 9.5 pS for Sr2+. These values are not significantly different. Because of the flatness of the 1-V's in the region of E,e,,, no meaningful values for E.e. could be obtained with 50 mM Ca2+ or Sr2+. We can say with confidence, however, that E,,, for these ions must be more positive than for Ba 2 +. Having demonstrated outward monovalent currents through single Ca channels in cell-attached patches, in good agreement with predictions from earlier whole cell recordings, we now turn to questions about the properties of inward monovalent currents through single Ca channels . Judging by previous macroscopic current recordings (e.g., Fig. 5 ) and theoretical work on Ca channel permeation , one would expect large unitary conductances for monovalent ions in the absence of external divalent ions . Fig. 11 illustrates unitary Ca channel currents generated by Li or Na influx . These were recorded with 150 mM LiCl or NaCl in the patch pipette and 10 mM EDTA to make the pipette solution virtually divalent free . With either Li+ (A) or Na' (D), the pattern of gating is very similar to that seen with Ba2+. Sweeps with no openings (mode 0) alternate with sweeps with brief openings (mode 1) and sweeps with long-lasting openings (mode 2); Bay K 8644 greatly increased the proportion of sweeps with mode 2 gating . The kinetics of the averaged currents for both ions (Fig. 11, B and E) are also very similar to those recorded with Ba2+. The main difference lies in the voltage dependence of activation : activation of Ca channels in the absence of divalent ions occurs over a potential range^-40 mV more negative than with 50-110 mM external Ba2+, as might be THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 88 " 1986 expected from the effects of changing surface potential (see Kostyuk et al., 1983) . Ramp voltage-clamp protocols produced open channel I-V's (Fig. 11 , C and F) that are perfectly linear over the entire voltage range studied (-100 to +20 mV). The single channel conductances are 45 and 85 pS for Li+ and Na', respectively, significantly higher than those for comparable concentrations of Cat+ or Bat+ . With either monovalent cation, there are clearly measurable inward currents at 0 mV; selectivity of the channel for Li+ or Na+ over (internal) K+ is to be expected from measurements of E, e,, in whole cell recordings (Figs. 4 and 5) . Linear extrapolation of the reversal potentials with Li+ or Na+ yields a value of Erev that is 10-15 mV more positive for Li+ than for Na+. This is consistent with evidence from macroscopic reversal potential measurements (Figs. 4 and 5 ) that suggest that the channel selects for Li+ over Na'. We were unable to detect clear-cut outward unitary currents under these conditions, even though outward movements of Cs+ were quite clear in suction pipette recordings from single cells (Fig.  6 ). One possible explanation is that a cytoplasmic blocker in intact cells (Ca or Mg?) obscures outward currents in cell-attached recordings, but is removed or buffered by internal dialysis in whole cell experiments.
The results with Li+ were obtained at a pipette pH of 7 .6, whereas the experiment with Na+ was performed at pH 9 . This alkaline pipette solution was necessary with Na+ because it eliminated the partially resolved rapid blocking and unblocking transitions (most probably arising from proton block of the open channel), which made recordings of open channel I-V's impossible at pH 7 .6 (unpublished results) . Li currents showed no sign of proton block at pH 7 .6 and the amplitude of i was unchanged at pH 9 .
DISCUSSION
This study was aimed at providing basic information about the mechanism of ion permeation through L-type cardiac Ca channels . The main new results include (a) a systematic ranking of the relative permeability to various alkali and alkaline earth cations, (b) a description of how unitary current varies with wide variations in membrane potential or extracellular Ca or Ba concentration, and (c) a demonstration of outward current through single Ca channels in cellattached patches.
The results from single channel and whole cell recordings dovetail reasonably well in areas of overlap. The combination of approaches is particularly effective because they have different advantages and disadvantages . Whole cell recordings give much more accurate information near Ere, where net current is small; they also allow manipulation of ion concentrations on both sides of the membrane with relatively little rundown (Lee and Tsien, 1984) , unlike recordings of L-type Ca channel activity from excised patches (Cavalie et al ., 1983 ; Nilius et al., 1985) . On the other hand, single channel measurements eliminate the uncertainty associated with variations in channel gating, a particularly serious problem at negative potentials where channel deactivation is rapid.
The usefulness of the single channel recordings was greatly enhanced by the use of Bay K 8644 to increase the proportion of long, well-resolved openings and isotonic K+ to zero the resting potential; ramp voltage commands allowed information over a wide voltage range to be gathered quickly. In each case, control experiments established that the experimental maneuver did not distort the true properties of the open channel (see Figs . 1, 2, and 7) . Exposure to Bay K 8644 does not alter the reversal potential determined from whole cell recordings , and estimates of E,ev from single channel data in the presence of the Ca agonist agree with E,e, values from whole cell recordings made in its absence.
Contrasts Between E,, and i Measurements Rule Out Selectivity by Ion Rejection Alone One of the most important aspects of this article is the comparison between information from measurements of reversal potentials and open channel fluxes. According to E,,, measurements (Fig. 4) , Ba t+ is the least permeant of the divalent cations (leaving Mg 2+ aside for the moment); Li+ is the most permeant of the monovalents. Since PB,, >> PL; (Fig. 4 , lower left panel), all the measurably permeant divalents come ahead of monovalents in the overall sequence of E,e,, permeabilities . Thus, Ca and 150 mM internal Cs + (Fig . 4 , upper left panel) corresponds to a Goldman permeability ratio of 6,000 (Lee and Tsien, 1984 (8 pS) . This is essentially the opposite of the sequence from E,e,, determinations. The contrast between permeability as judged by E,e, and i measurements holds true for at least two of the monovalents. At 150 mM charge carrier (Fig . 11) , Na' (85 pS) > Li+ (45 pS). Thus, for certain alkali metal cations as well as alkaline earth cations, our results are difficult to reconcile with the idea of selectivity by rejection alone. This is the prevailing interpretation for Na channels because the main difference in the energy profiles seen by permeant cations as they cross the membrane is apparent in the height of the energy barriers (Begenisich and Cahalan, 1980a, b) , while binding to the two energy wells is weak for all ions. Thus, selectivity is attributed mainly to a "selectivity filter," a critical narrowing of the pore that corresponds to a barrier in the energy profile (Hille, 1984) .
In the case of Ca channels, selectivity cannot take place by rejection alone; if this were true, one would expect that external cations with more positive reversal potentials would also show the largest unitary conductances, contrary to what we have observed . Our results point instead to a mechanism of selectivity involving differing ion affinities at a true binding site, corresponding to an energy well (cf. Hagiwara, 1975) , such that the ion with the highest affinity (highest permeability as judged by E,e,,) has the lowest mobility (lowest permeability as judged from the single channel conductance) . 31 4 THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 88 " 1986 Mg ions are a notable exception to the general pattern . In this case, reversal potential and open channel flux experiments point in the same direction in suggesting that Mg" is poorly permeant . No inward Mg currents were ever detected in either whole cell or single channel recordings, even with extracellular Mg 2+ as high as 110 mM; although E,,, could not be determined, it is safe to say that it could be no more positive than +10 mV with 10 mM external Mgt' and 171 mM internal Cs+ . With respect to Mgt+, cardiac Ca channels once again resemble their counterparts in neoplastic B lymphocytes (Fukushima and Hagiwara, 1985) ; they differ from Ca channels in frog skeletal muscle, where Almers and Palade (1981) found clear Mg currents -1 /10 as large as Ca currents . The discrepancy is probably only a matter of degree. Our own measurements of Mg block of Ba currents show relief of Mg block at negative potentials, as if Mg could enter the cell, albeit at a rate too slow to detect with current recordings (Lansman et al ., 1986) . Different Measures of Ca Channel Affinity for Ca Rule Out a Single-BindingSite Hypothesis Fig. 7 shows that unitary Ca current increases nonlinearly with extracellular Ca activity ; half-saturation occurs at^-14 mM [Ca] o . The following article (Lansman et al ., 1986) shows that half-block of unitary Li currents takes place at -3 'M [Ca]o . These results provide a direct demonstration at the single channel level of an^-10' discrepancy that has already been the focus of studies with whole cell recordings (Kostyuk et al ., 1983 ; Fukushima and Hagiwara, 1985) . The single channel results remove any remaining possibility that Ca channel permeation can be accounted for by a simple onesite model, as originally proposed by Vereecke and Carmeliet (1971) and Hagiwara et al. (1974) and as elaborated more recently by others (e.g ., Ashcroft and Stanfield, 1982 ; Cota and Stefani, 1984) .
The present focus is on discriminating between two different explanations of the 4-log-unit discrepancy in half-effective Ca concentrations . The model of and proposes that the Ca channel is a single-file pore containing at least two sites with^-1 jM Kd ; the low apparent affinity of the sites for permeating Ca.
21 is attributed to electrostatic repulsion or some other strong ion-ion interaction that opposes multiple occupancy of the pore by Cat+ . On the other hand, Kostyuk et al. (1983) attribute saturation of Ca flux to a single intrapore binding site with an^-10 mM Kd , and block of monovalent currents to an external site that binds Ca 21 with an -1 /M K d . Kostyuk et al . (1983) based their model on the observation that micromolar [Cal. reduced Na current through Ca channels in a voltage-independent manner . Their results in snail neurons are consistent with our own experiments in heart cells over a limited voltage range (Fig . 6B) . However, at more extreme potentials, we can in fact detect voltage dependence of Ca block of monovalent currents . The single channel experiments reported in the next article (Lansman et al., 1986) show that block of Li currents by [ Cal. i s relieved at strongly negative potentials . This fits nicely with the idea that the micromolar Ca blocking site is in direct communication with the inside of the cell, and that voltage dependence expresses a direct effect of membrane field, driving Ca exit from the pore into the cell. It is difficult to explain in terms of an external regulatory site without additional ad hoc assumptions. The model of Kostyuk et al. (1983) is also difficult to reconcile with observations of ion-ion interactions within the Ca channel Lansman et al., 1986 ).
Open Channel 1-V Relations
This article reports I-V relations for single open Ca channels over an extended voltage range, from as negative as -100 mV to as positive as +100 mV. The single channel recordings provide fresh support for the view that Ca channels can carry outward current at positive potentials (see also Rosenberg et al., 1986) . As already noted, the open channel I-V's show values of E.e. similar to those obtained in macroscopic recordings from whole cells.
Single channel recordings provide direct evidence that the upward curvature (increasing conductance) of macroscopic 1-V relations positive to E,,, results from rectification at the level of single open channels rather than from an increasing degree of channel activation. According to the permeation model of and , monovalent ions can carry current only if the channel is not occupied by a divalent ion, so the outward rectification of the open channel I-V above E,,, probably reflects the voltagedependent decrease of the channel occupancy by the external divalent cation (see also Fukushima and Hagiwara, 1985) .
The properties of the open channel I-V in the negative voltage range are also of interest . Previous analysis of single channel recordings has shown nearly ohmic behavior at negative potentials with 50-100 mM Ba2+ or Ca2' as charge carriers (Reuter et al., 1982; Cavalie et al ., 1983) . On the other hand, a decrease of the open channel conductance and saturation of i at negative potentials have been reported from estimates of i by noise analysis (Fenwick et al., 1982) and from open channel 1-V's obtained by analysis of tail currents (Hagiwara and Ohmori, 1982) . In our direct measurements of open channel I-V's, we never observed a decrease of the conductance at negative potentials at any concentration of Ba2+ or Ca 2+ up to 110 mM . It seems possible that the observed decrease of the conductance in the cited studies is the result of an underestimation of i because of imperfectly resolved gating transitions (rapid tail deactivation) at negative potentials. For I-V's obtained in the presence of [Mg] . (Hagiwara and Ohmori, 1982: 25 mM [Ba] o and 1 mM [Mg]o), an alternative explanation is an apparent decrease of the conductance at negative potentials because of voltage-dependent block by external Mg ions (Fukushima and Hagiwara, 1985; Lansman et al., 1986) .
It is remarkable that the single channel I-V relation is close to linear over a wide range of ionic charge carriers (Ca 2+' Ba2+, Sr2+ , Li+, and Na+) and Ba2+ concentrations (10-110 mM) . These observations put serious constraints on the voltage dependence of the rate-limiting step for ion transfer, whose location will 31 6 THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 88 -1986 vary widely with the ionic conditions . Cell-attached patch recordings are complemented by recordings of Ca channel activity in planar bilayers (Nelson et al ., 1984 ; Ehrlich et al ., 1984 Ehrlich et al ., , 1986  Affolter and Coronado, 1985) , which allow tests of the functional symmetry of the pore under symmetrical ionic conditions (Rosenberg et al ., 1986) . It remains to be seen whether all of these new observations can be reconciled within the framework of Eyring rate theory descriptions of ion permeation through Ca channels .
Note added in proof R . Levi and L . J. DeFelice (1986 . Biophysical Journal . 50 :5-9) have recently reported recordings of Na currents through single Ca channels in spontaneously beating chick heart cells . Their estimate of single channel conductance (50-90 pS) is in excellent agreement with ours (Fig. 11) .
